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1 General Introduction
1.1 Interstellar Molecules
A galaxy is constructed by numbers of stars and interstellar medium (ISM). A star is
formed in an interstellar cloud that is the dense part of ISM. The study of ISM has a high
importance to understand the mechanism of the star formation and the construction of galaxy.
Various kinds of interstellar molecules have been detected in ISM until now (Table 1).
Table 1: Examples of the detected interstellar molecules. Note that the list does not show all
detected molecules. The list is referred from Ref. [1].
Simple Hydride, Oxide, Nitride, and etc.
H2 O2 H2O CO CO2
NH3 CH4 CH3CHCH2O
Nitriles
C2H4 HCN CH3CN CH3CH2CN HNCO
CH3NC C2H2 CH3C2H
Aldehyde, Alcohol, Amine, and etc.
H2CO CH3OH CH3CHO CH2NH CH3NH2
NH2CN HCOOH CH3COOH
Radicals, Ions
·OH ·NH2 ·CH3 ·CN ·CH2CN
HCO· CH+ HCO+ H2CN+
The development of the observation of such molecules clarifies the chemistries and molecu-
lar evolutions in ISM. In the chemical evolution, for example, protonation and hydrogenation
are highly important to trigger the chemical synthesis. The chemically active molecule having
multiplet electron state such as a radial and an ion may also play a critical role in the reaction
on icy dust. However, the studies of biomolecule and its related organic species in interstellar
space are insuﬃciency. The investigation of the mechanism to form complex biomolecules in
space is required to see a potential extraterrestrial bio-system. Recently, several amino acids
such as glycine and alanine were found in meteorites and comets. The detection of interstellar
amino acid is highly expected.
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1.2 Recent Research Progress of Prebiotic Interstellar
Molecules
1.2.1 Potential Origins of Amino Acids
There are several possibilities as the origin of amino acid. Miller examined the formation
of amino acids on the primeval earth. He prepared some simple molecules such as hydrogen,
methane, ammonium, and water to assume the primeval earth atmosphere. Then, he provided
the lightning energy to promote chemical reaction and succeeded to synthesize amino acids.
Other possibility of the origin of amino acids is the formation in the hydrothermal vent in deep
sea. Hydrothermal vent is known to create various thermochemical environments around it [2].
The temperature is observed from few degrees to about 400 degree Celsius. The hydrothermal
vent also produces the inhomogeneous acidity ranging from the pH of 2-3 to 9-11 by blasting
black smokers. It is also reported that various types of organic molecules including metal
containing compounds exist, such as CO2, CH4, or H2S containing compounds and Fe or Mn
containing molecules. Therefore, the hydrothermal vent is one of the most potent cradles of
the origin of cell-like system and thus the origin of life so far.
1.2.2 Amino Acids and Organic Compounds in Meteorites
Finally, the third possibility of the origin of amino acids is the formations on icy grains in
interstellar gas and in meteorites. According to the observed interstellar molecules described
in the section 1, there are various potential molecules to form amino acids by only few steps of
chemical reactions. Thus, they might form amino acids by the repeated collisions and diﬀusions
on the surface of interstellar ice dust. Then, the formed amino acids might be interfused
into a meteorite and fall into the earth to be the origin of life. To support this hypothesis,
several studies of amino acid-like compounds found in meteorites have been reported. Glavin
et al. (2006) reviews the list of the amino acids and the related molecules found in CM2-type
carbonaceous meteorites (Table 2) [3]. In their list, glycine and alanine are the most abundant
biological amino acids. Isovaline, which is the isomer of valine and the non-biological one, is
also found abundantly. Then, valine, aspartic acid, glutamic acid, and serine are found. These
data strongly supports the existence of extraterrestrial amino acids and the formation of amino
acids in interstellar space.
1 GENERAL INTRODUCTION 3
Table 2: List of the amino acids found in the CM2-type carbonaceous meteorites and the
sample from antarctic ice proposed by Glavin et al. (2006) [3]. Note that the list does not
contain all compounds found in the samples. *Only upper limit was detected because of the
experimental conditions.
Murchison LEW 90500 ALH 83100 Antarctic Ice Sample
Amino Acids (ppb) (ppb) (ppb) (103 ppb)
Glycine 1995 ± 122 1448 ± 682 300 ± 75 9.6 ± 2.4
L-Alanine 659 ± 84 352 ± 161 134 ± 19 2.5 ± 0.8
D-Alanine 623 ± 6 343 ± 171 110 ± 44 0.5 ± 0.1
β-Alanine 1419 ± 157 442 ± 238 338 ± 31 0.2 ± 0.1
L-Serine <173* <235 <5 3.7 ± 0.1
D-Serine <138 <219 <4 0.3 ± 0.2
L-Valine 218 ± 23 102 ± 16 <1 <0.1
D-Valine 103 ± 9 48 ± 12 <1 <0.1
L,D-Isovaline 2796 ± 298 1306 ± 83 <10 <0.1
L-Aspartic acid 132 ± 15 151 ± 73 43 ± 6 1.3 ± 0.3
D-Aspartic acid 120 ± 16 127 ± 24 29 ± 4 <0.3
L-Glutamic acid 357 ± 42 316 ± 55 23 ± 6 <0.1
D-Glutamic acid 343 ± 44 317 ± 55 21 ± 7 <0.1
1.2.3 Formation Mechanisms of Amino Acids on Icy Dust
The formation of amino acids on ice dust in molecular cloud is produced by the UV
radiation from massive stars. The experimental studies have shown that the simple molecules
form several amino acids by the UV irradiation (Figure 1). For instance, as for the first report
of this experiments, Bernstein et al. (2002) showed that the ice analogue containing methanol,
ammonia, hydrogen cyanide, and water forms glycine, alanine, and serine by the irradiation
of UV light at 15 K assumed in interstellar space [4]. These experiments in this list proposed
that the icy dust surface may be one of the suitable fields for the formation of amino acids.
The remaining question is the chemical mechanism of such formations.






















































Figure 1: Experimental studies of the formation of amino acids on icy grains. The list shows
the initial compositions of ice analogue, the radiations as the energy source, set temperatures,
final products, and the corresponding reference papers [4–13].
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1.3 Primeval Amino Acids
Amino acids are one of the main components of the life on the earth. Biological amino
acids consists of 20 species (Table 3). They connect each other by peptide bondings to form
proteins, that have essential roles in genetic transmissions and metabolisms of life.
Table 3: Species of amino acids. The abbreviations in three characters and one character are
shown in parenthesis. *Detected amino acids in meteorites.
*Glycine (Gly, G) *Alanine (Ala, A) *Valine (Val, V) *Leucine (Leu, L)
Isoleucine (Ile, I) *Serine (Ser, S) *Threonine (Thr, T) *Proline (Pro, P)
Asparagine (Asn, N) Glutamine (Gln, Q) *Aspartate (Asp, D) *Glutamate (Glu, E)
Lysine (Lys, K) Arginine (Arg, R) Cysteine (Cys, C) Methionine (Met, M)
Histidine (His, H) Phenylalanine (Phe, F) Tyrosine (Tyr, Y) Tryptophan (Trp, W)
To discuss the origin of biomolecules, the clarification of the evolution of amino acids
is required. Higgs & Pudritz (2009) created a rank of the primitive amino acids according
to (i) the inclusions in meteorite and the synthetic experiments assumed on icy grains, (ii)
atmospheric environment, and (iii) in hydrothermal vent [14]. By their analysis, the six oldest
amino acids are glycine, alanine, aspartate, glutamate, valine, and serine, in their hypothetical
chronological order (Figure 2). It implies that the oldness of amino acids does not depend on
their molecular mass, directly.
1.4 Motivation and Goal of the Present Study
To the present, various amino acids have been detected in meteorites and comets as de-
scribed in the previous subsection. Also, the precursor of amino acid such as amino acetonitrile
was found in ISM. However, interstellar amino acids were not detected yet. The formation
mechanism of amino acids in space is still unclear. In the extremely low temperature envi-
ronment in interstellar space, it is proposed that chemical reactions which have low energy
barriers such as radical reactions become more eﬀective. In fact, several theoretical and exper-
imental studies of the amino acid formation via radical molecules have been reported [7,15,16].
Besides, the comprehensive explanation of the formation pathway of interstellar amino acids
is still unsatisfactory.
On the other hand, the clarification of enantiomeric excess (ee) of amino acids, which is the
symmetry breaking on the abundance ratio of chiral molecules, is imperative to understanding
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Figure 2: Hypothetical oldness of biological amino acids proposed by Higgs & Pudritz (2009)
[14]. Lower value denotes the primitive amino acid and higher value expresses the later evolved
one.
the origin of life on the Earth. It is reported that the amino acids in meteorite indicated the
significant ee values [3,17]. It implies that the amino acid ee may occur not only on the Earth
but in our solar system. However, the mechanism that critically promotes the generation of ee
is still controversial. One of the proposed mechanisms is the asymmetric photo-reaction by the
irradiation of circularly polarized light (CPL). In fact, the experimental studies showed that
the CPL irradiation to amino acids indicated few percent of ee [6, 8, 9]. In order to support
this mechanism, two main problems exist: (1) which interstellar chiral molecule eﬀectively
works to produce a significant ee among the formation of amino acids, and (2) the Kuhn-
Condon zero-sum rule restricts that the polychromatic radiation hardly produces the eﬃcient
asymmetric photo-reaction. To be more precise, the precursors of amino acids that have large
asymmetric absorptivity for CPL are not detected and thus the molecules as the origin of
ee are not described. Secondly, the Kuhn-Condon zero-sum rule proposes that the diﬀerence
of the absorptivity between left-handed and right-handed CPL over all wavelength must be
zero. This induces that typical stellar radiation hardly promotes the significant asymmetric
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photo-absorption for interstellar chiral molecules.
To resolve these problems, the understandings of the whole formation pathway of amino
acids in interstellar space and the correspondence of the atoms such as carbon and nitrogen
between typical interstellar molecules and amino acids are requisite. In addition, the gener-
ation of the amino acid ee may require a mechanism to pick up specific wavelength of the
interstellar CPL radiation to overcome the Kuhn-Condon rule.
In the present study, the formation reactions via radical molecules are discussed and the
plausible formation pathway of glycine on the icy dust surface are theoretically analyzed. To
obtain the energy profiles of the radical reactions, ab-initio quantum calculations are per-
formed. Then, the roots of the carbon and nitrogen atoms of amino acid backbone (alpha
carbon, carboxyl carbon, and amide nitrogen) and the combination pattern of the source
interstellar molecules for the backbone atoms depending on the formation mechanisms are
suggested. Furthermore, by the computational analysis of the CPL absorptivity of amino
acid, the formation of amino acid ee induced by asymmetric photo-dissociation reactions and
its origin are discussed. The stellar and interstellar radiations such as from high-mass stars
and galactic centers could be circularly polarized by dust scattering. Then, the produced CPL
may promote the asymmetric photo-dissociation of interstellar chiral amino acids and the dif-
ference of the abundance ratio between L- and D-form amino acids are created. In the present
study, the observed radiation from a Lyman α Emitter as a typical interstellar radiation are
employed to discuss the triggering mechanism of the ee generation.
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2 Theoretical Methods
2.1 Density Functional Theory (DFT)
The density functional theory (DFT) is a method that is equivalent to the Schro¨dinger
equation for the ground state of an N-electron system. It consists of the Hohenberg-Kohn
theorem described in the next subsection. In DFT, the variation of total energy E is given by














The Hohenberg-Kohn theorem consists of the two basic theorem in the case of the non-
degenerate ground state that means only one eigenfunction on each eigenvalue.
1. Theorem 1:
Theorem 1 describes the energy of the ground state by the functional of electron density.
The external potential generated by a molecule, v(r), is uniquely defined by the electron
density, ρ(r), and thus the total energy is determined by ρ(r). In other words, the total
energy could be written in the functional of electron density ρ(r) as E[ρ].
2. Theorem 2:
When the trial function of electron density ρ′(r) satisfies ρ′(r)≥ 0 and ∫ ρ′(r)dr =Nelec,
the total energy satisfies the variational principle,
E[ρ(r)] ≤ E[ρ′(r)], (2.3)
where the left side shows the minimum total energy of the electron density of the ground
state.
When these theorem derives the accurate total energy of the electron density, the obtained
Euler equation is equivalent to the Schro¨dinger equation. Then, the total energy is expressed
by the functional of the electron density E[ρ].
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2.1.2 Kohn-Sham Equation
The Kohn-Sham equation is a popular method to solve the problems of polyatomic molec-
ular system. It leads the one electron approximation that treats a many-electron problem as
an one electron problem by adopting the Slater determinant wavefunction as the trial wave-
function. The wavefunction permits the description of electron shell structure.


















|ri − rj| , (2.4)
≡ T + Vne + Vee , (2.5)
(2.6)
where the kinetic energy of an electron, T , the Coulomb attraction energy between atomic-























|ri − rj| . (2.10)
In the Kohn-Sham equation, the total energy is described as
E[ρ] = T [ρ] + Vne[ρ] + Vee[ρ] , (2.11)
= Ts[ρ] + Vne[ρ] + J [ρ] + EXC[ρ] , (2.12)
where the true kinetic energy T [ρ], the kinetic energy derived from the Slater determinant
Ts[ρ], the Coulomb interaction between atomic-nucleus and electron Vne[ρ], the true Coulomb
interaction between electrons Vee[ρ], the classical Coulomb interaction between electrons J [ρ],
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and the exchange-correlation energy EXC[ρ] are written in the wavefunction of the ground






































EXC[ρ] = (T [ρ]− Ts[ρ]) + (Vee[ρ]− J [ρ]) . (2.18)
In this case, EXC[ρ] is the summation of the diﬀerence between the true kinetic energy and the
approximate kinetic energy and the diﬀerence between the true value of the Coulomb electron
interaction and the classical Coulomb interaction. Then, the Euler equation becomes
















′ + vXC(r) , (2.21)
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φi(r) = εiφi(r) , (2.24)
where εi and φi(r) are the Kohn-Sham orbital energy and the wavefunction of i-th electron,
respectively.
2.1.3 Local Density Approximation (LDA)
The local density approximation (LDA) is one of the basic methods to describe an electron
exchange-correlation energy derived from an electron gas model. In this method, the electron
density is assumed as a locally uniform electron gas in order to ignore the non-uniform eﬀect.
That is, the total electron correlation energy is described by the electron correlation energy




This method is applied, when the diﬀerence of electron density ρ(r) is little for the change of
a position, and an electron exchange-correlation energy ELDAXC is expressed as the summation
of a local exchange-correlation energy εXC.
2.1.4 Generalized Gradient Approximation (GGA)
LDA assumes the electron density ρ(r) is homogeneously distributed. However, the actual
electron density ρ(r) around atoms is highly non-uniform. Generalized gradient approximation
(GGA) adds the correction term of the electron density gradient ∇ρ(r) to LDA in order to
apply such non-uniform problem. The exchange correlation energy is written as
EGGAXC =
∫
f [ρα(r), ρβ(r), γαα(r), γαβ(r), γββ(r)]dr , (2.26)
γσσ′(r) = ∇ρσ(r) ·∇ρσ′(r) (σ, σ′ = α, β) , (2.27)
where α and β label the spin. Note that the total electron density of α and β spins are shown
as ρ(r) = ρα+ρβ. The electron density gradient correlation is proposed in several ways such as
the Becke’s B88 exchange functional correlation, Lee-Yang-Parr (LYP) correlation functional,
and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. Here, the Becke’s
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B88 exchange functional correlation and the LYP correlation functional are explained.
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− 2bx(1 + 6bx sinh−1 x)
(1 + 6bx sinh−1 x)2
, (2.33)
where b is a fitting parameter. The first term of gB88(x) is the Slater’s LDA exchange term.
The second term is the correlation term of this method.
Next, the LYP correlation functional is described by


















































































and a, b, c, and d are the empirical fitting parameters. Their diﬀerential forms are used for
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actual calculations. The keypoint of LYP functional is that it contains the LDA correlation
term.
2.1.5 Hybrid Method
Hybrid method (or Hybrid GGA) adds the Hartree-Fock exchange term EHFX to the GGA
method in order to adjust the experimental atomization energy. This section explains the
Becke-3-Lee-Yang-Parr (B3LYP) method. B3LYP is the hybrid functional that includes three
parameters A, B, and C. The exchange-correlation energy EB3LYPXC is expressed by the Slater
exchange energy ESX, the Fock exchange energy E
HF
X , the Becke’s B88 GGA correlation of
the exchange energy EB88X , the LYP’s correlation energy E
LYP
C , and the Vosko-Wilk-Nusair’s
correlation energy EVWNC .
EB3LYPXC = AE
S
X + (1− A)EHFX +BEB88X + CELYPC + (1− C)EVWNC , (2.40)
where A, B, and C are the empirical parameters scaled to experimental studies, which are
A=0.80, B=0.72, and C=0.81. The advantage of this method is the application of the
exchange-correlation potential energy UλXC scaled by the coupling parameter λ for the electron
interaction. It describes the functional of the exact exchange-correlation energy EXC by the






Since the equation (2.41) is not able to calculate numerically, the equation (2.40) is used for
the actual B3LYP calculations.
2.2 Time-Dependent Density Functional Theory (TDDFT)
The previous section discusses how to calculate the ground state on the basis of DFT.
This section describes the method to express the electron excited states on the same footing.
TDDFT expands the DFT theory from time-independent form to time-dependent one. The
time-dependent Kohn-Sham (TDKS) equation is derived from the time-dependent Schro¨dinger
equation. Then, the excited state properties such as a state energy is obtained by the pertur-
bation theory.
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2.2.1 Time-Dependent Kohn-Sham Equation
TDKS equation describes the development of electron state by treating time-dependent
external potential as a perturbation. TDKS uses Runge-Gross theorem that corresponds to
Hohenberg-Kohn theorem for the ground state method. The time-dependent (TD) Schro¨dinger




Φ =HΦ , (2.42)
where Hamiltonian is
H = T +
∑
i=1
v(r, t) + Vee . (2.43)
The time-dependent potential v(r, t) is assumed to have a periodic fluctuation for the time
development and separated into the time-independent term vstatic(r) and the perturbation
term vperturbation(r, t) = vt(r)f(t), that is described as
v(r, t) = vstatic(r) + vt(r)f(t) , (2.44)
where f(t) is a periodic function. According to the above equations, the potential v(r, t)
is uniquely defined by the time-dependent electron density ρ(r, t). This is the Runge-Gross
first theorem, which corresponds to the time-dependent of the Hohenberg-Kohn first theorem.







in which this equation is called the action integral of TD Schro¨dinger equation. Then, this
equation is separated into the two terms according to the dependence on the external potential
v(r, t).









− T − Vee|Ψ(t)⟩dt . (2.46)
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This is the Runge-Gross theorem that corresponds to the Hohenberg-Kohn theorem in the













′ + µXC(r, t) , (2.48)






|φi(r, t)|2 , (2.50)
where AXC[ρ(r, t)] is an exchange-correlation action functional. In an adiabatic limit, the




2.2.2 Linear Response Approximation
In the time-dependent theory, the external potential is treated as a time-dependent per-
turbation in order to calculate the development of an electronic state. The change of a system
against to this perturbation is called as “response” and the first-order perturbation as “linear
response”. The response of an electronic state is directly related to the excited state. TDDFT
obtains the energy of excited states and their transition probabilities from Kohn-Sham molec-
ular orbitals and their orbital energies derived from the DFT method.
The linear response function of the true electron density corresponding to the external
potential is defined as




Also, the linear response function for the KS orbital is
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Then, their relation becomes
δveﬀ(r1, t1)
δv(r2, t2)




| r1 − r3 | + fXC(r1, t1; r3, t3)
}
χ(r3, t3; r2, t2)dr3dt3 , (2.54)
where fXC is the time-dependent exchange-correlation kernel defined by




By the Fourier transform (t→ ω), the linear susceptibility χ is defined by
χ(r1, r2;ω) = χ
KS(r1, r2;ω) +
∫
χKS(r1, r3;ω)K(r3, r4;ω)χ(r4, r2;ω)dr3dr4 , (2.56)
K(r3, r4;ω) =
1
| r3 − r4 | + fXC(r3, r4;ω) , (2.57)
where χKS and K are the linear response function for the KS orbitals and the total kernel for
the time development.
2.3 Symmetry Adapted Cluster (SAC) Method
The Symmetry Adapted Cluster (SAC) method and the Symmetry Adapted Cluster-
Configuration Iteration (SAC-CI) method are the theories that describe the ground and excited
states of molecules based on the Coupled-Cluster (CC) theory. The theory was firstly pro-
posed by H. Nakatsuji and co-workers. The present study refers to the paper that reviewed
the SAC/SAC-CI theory [18]. Both the SAC and SAC-CI methods describe the symmetric
single states with the SAC expansion. The SAC theory expresses the ground state of isolated
molecules based on an energy functional approach. This subsection shows the SAC theory in
a state vector description and in a Hamiltonian matrix form. In the SAC energy functional
approach, the right and left SAC wave vectors are employed as |ΨSACg ⟩ and ⟨Λ′|, respectively.
The right SAC vector, |ΨSACg ⟩, is described in the cluster expansion based on the reference
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function, |0⟩.







where S†I is symmetry-adapted linked excitation operators, which distinguish the SAC method
and the other general CC method, and CI is the corresponding amplitudes. The left SAC




ZSACK SK , (2.60)
where SK and ZK are the deexcitation linked operators and the corresponding amplitudes,
respectively. Note that I andK are the indices of the excitation/deexcitation operators. Then,
the SAC energy functional is described as
LSAC = ⟨Λ|HN |ΨSACg ⟩ − ⟨Λ′|ΨSACg ⟩⟨0|HN |ΨSACg ⟩ , (2.61)
where the left vector, ⟨Λ|, and the Hamiltonian operator, HN , are defined as
⟨Λ| = ⟨0|+ ⟨Λ′| , (2.62)
HN = H − EHF . (2.63)
Here, H is the Hamiltonian of an isolated molecule and EHF is the Hartree-Fock energy of the
reference state defined as EHF = ⟨0|H|0⟩. When it is applied to the variational principle, the
SAC equation for the CK amplitudes becomes
⟨0|SK(HN −∆ESAC)|ΨSACg ⟩ = 0 , (2.64)
where ∆ESAC is the SAC correlation energy described as
∆ESAC = ⟨0|HN |ΨSACg ⟩ . (2.65)
The CK amplitudes derives the equation to set the parameters of the left SAC vector. To
define the parameters of the right SAC vector, the equation for the ZK amplitudes are given
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as
⟨Λ|HNS†K |ΨSACg ⟩ − ⟨Λ′|S†K |ΨSACg ⟩⟨0|HN |ΨSACg ⟩+ ⟨Λ′|ΨSACg ⟩⟨0|HNS†K |ΨSACg ⟩ = 0 . (2.66)
In the Hamiltonian matrix description, the approximation, which is the linked term include
all the single excitation and the selected double excitation, is applied. Then, the Hamiltonian
matrix elements for the single and selected double excitations are described as
HIJ = ⟨0|SIHNS†J |0⟩ , (2.67)
HI,JK = ⟨0|SIHNS†JS†K |0⟩ . (2.68)
Also, the overlap matrices between the configurations for the excitation operators are
SIJ = ⟨0|SIS†J |0⟩ , (2.69)
SI,JK = ⟨0|SIS†JS†K |0⟩ . (2.70)
















Also, the overbar describes transform matrix elements. For example,












By applying to the variational principle such as the equation (2.64), the SAC equation in the
2 THEORETICAL METHODS 19












ZSACL YKL = 0 , (2.77)
where the Hamiltonian matrix elements of H0L and YKI are defined as










The equations (2.75), (2.76), and (2.77) describe the right SAC vector, the SAC correlation
energy, and the left SAC vector, respectively.
2.4 Symmetry Adapted Cluster-Configuration Iteration (SAC-CI)
Method
The SAC-CI theory expresses excited states of molecules in the same energy functional
approach as the SAC theory. Connecting to the SAC theory, the excitations from the SAC
state are treated as the configuration iteration eigenvalue problems. The electron correlation
in excited states is defined on the basis of the correlated wavefunction of the ground state.
The SAC-CI wavefunctions for excited states are described by the complement of the SAC
wavefunction in the functional space. The selection of the set of linked excitations from the
SAC ground state defines the basis of the functional space. This subsection also explains the
SAC-CI theory in a state vector description and in a Hamiltonian matrix form.
Three SAC-CI vectors for each electronic state are considered in the SAC-CI energy func-
tional approach; a right SAC-CI vector |ΨSACCI⟩, a left SAC-CI vector ⟨ΨSACCI|, and an
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auxiliary left SAC-CI vector ⟨Λ′′|. The right SAC-CI vector is described as







where p corresponds to a p-th excited state and R†M describes a set of excitation operators.
Also, the left SAC-CI vector is written as




dL,pM RM , (2.83)





ZSACCIK ⟨0|SK , (2.84)
where SM is a deexcitation operator shown in the eq. (2.60). Note that the SAC-CI co-
eﬃcients, dR, dL, and ZSACCI are defined by the conditions of the SAC-CI energy func-
tional under the biorthogonality restriction between the left and right SACCI vectors, that is
⟨ΨSACCI|ΨSACCI⟩ = 1. Then, the SAC-CI energy functional is written as
LSACCI = ⟨ΨSACCI|HN |ΨSACCI⟩+ ⟨Λ′′|HN |ΨSAC⟩ − ⟨Λ′′|ΨSAC⟩⟨0|HN |ΨSAC⟩ , (2.85)
where HN is the normal ordered Hamiltonian. To express the stationary condition, the right
SAC-CI vector |ΨSACCI⟩, the SAC-CI correlation energy ∆ESACCI, and the left SAC-CI vector
⟨ΨSACCI| are described as
HN |ΨSACCI⟩ = ∆ESACCI|ΨSACCI⟩ , (2.86)
∆ESACCI = ⟨ΨSACCI|HN |ΨSACCI⟩ , (2.87)
⟨ΨSACCI|∆ESACCI = ⟨ΨSACCI|HN . (2.88)
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where dL,pM and d
R,p
M are the left and right vector coeﬃcients for the solution at the p-th state
obtained by the SAC-CI equations (2.86), (2.87), and (2.88). Note that the indices I, J ,K, and
L refer to the SAC excitation operators. Besides, M and N describe the SAC-CI operators.
According to the biorthonormalization condition, the left and right SAC-CI vectors satisfy the




M SMN = 1 , (2.90)




Then, the Hamiltonian matrix elements of the SAC-CI equations become∑
N






M HMN , (2.93)∑
M
dLM [HMN −∆ESACCISMN ] = 0 . (2.94)
2.5 Oscillator Strength, Rotational Strength, and Circular Dichro-
ism
In the section 4, the molecular photo-absorptivity of amino acid is discussed. The present
study uses three parameters: the oscillator strength (OS), the rotational strength, and circular
dichroism (CD). Their definitions are referred to the study by Yabana & Bertsch (1999) [19].
In an arbitrary electro-magnetic field, the polarization of a chiral molecule is defined as












En0 − E − iδ +
1
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Here, the eigenvector Φn and eigenvalue En of the n-th eigenstate of HamiltonianH are defined
as
HΦn = EnΦn , (2.97)
En0 = En − E0 . (2.98)














δ(E − En0)fn . (2.100)
Note that the integration of S(E) is proportional to the electron number. Also, S(E) is related







A rotational strength is an important parameter to analyze the chiral property of molecules.
It is defined as









r⃗i × ▽⃗|Φ0⟩ . (2.102)
Then, the diﬀerence of the refractions between left and right CPLs is written as






En0 − E − iδ +
1
En0 + E + iδ
)
Rn , (2.103)
where Nmol is the number of molecules per unit volume. In order to obtain the practical




Im(nL − nR) , (2.104)
where C and λ are the concentration of molecules and the wavelength in the unit of cm,
respectively. The section 4 discusses the photo-absorptivity of amino acids based on the
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parameters fn, Rn, and ∆ϵ.
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3 Formation of Glycine in Interstellar Space via Radical
Reactions
3.1 Introduction
The recent studies reports that prebiotic molecules, such as glycolaldehyde, are detected in
low-mass star forming regions [20–22]. These reports will approach the fundamental questions
how much complex molecules are formed in interstellar medium (ISM) and by what mechanism
they are formed. The detections of prebiotic molecules in ISM stimulate the long-standing
discussion of if and how much prebiotic molecules are delivered from ISM to the early earth
via comets and asteroids [23, 24]. O¨berg (2016) [25] reviews the experimental and theoreti-
cal studies about photo-chemical reactions and formations of complex molecules on icy dust
surface.
Glycine, the simplest species of amino acid, has been one of the major targets as the prebi-
otic molecule in ISM [26]. Although glycine has not been detected in interstellar space, it was
found in meteorites [3, 27–30] and observed in the comet 81P/Wild 2 by NASA ’s Stardust
mission and ESA’s ROSINA mission [31,32]. Amino acetonitrile, the precursor of glycine, was
also observed in ISM [33]. Hydantoin, another type of the precursor of glycine, was found in
meteorites [34, 35]. On the other hand, the formation mechanisms of biomolecules and other
related organic residues on modeled icy grain are experimentally studied well. Bernstein et
al. (2002) firstly reported the formation of glycine, alanine, and serine from simple interstel-
lar molecules; i.e. methanol, hydrogen cyanide, ammonia, and water [4]. Mun˜oz Caro et al.
(2002) also proposed the formation mechanisms of interstellar amino acids in a modeled inter-
stellar ice analogue containing methanol, carbon monoxide, carbon dioxide, and ammonia [5].
In addition, it is reported that the irradiation of circularly polarized UV light to interstellar
molecules produces the asymmetric formation of chiral amino acids [6]. Now, high sensitiv-
ity antennas such as Atacama Large Millimeter/submillimeter Array (ALMA) are searching
interstellar glycine and its related precursors in ISM [36–39].
The formation mechanisms of glycine on the surface of ice dust have also been suggested by
theoretical studies. Strecker-type synthesis is a general mechanism as the proposed formation
reaction of glycine. This mechanism has been well discussed [4,40–42]. Since Strecker synthesis
uses photochemical and hydrolysis reactions, it requires significant external energy (i.e. the
room temperature of about 300K as a thermal energy). On the other hand, glycine formation
via ion and radical species tends to have no activation barriers because of their reaction
3 FORMATION OF GLYCINE IN INTERSTELLAR SPACE 25
activities. In other words, the formation of glycine via radical reactions may be eﬀective
in cold molecular clouds (T ∼ 10K) [43–45]. It is proposed that galactic radiation, stellar
UV radiation, and cosmic-ray induced UV light have important roles to generate ions and
radicals by photochemical reactions [46,47]). Although interstellar UV radiation is significantly
weaken and scattered in molecular clouds, cosmic-rays induced UV light is considered to be
ubiquitous [48]. Consequently, complex radical molecules can be formed by radical reactions,
i.e. hydrogenation, hydrogen subtraction, and radical coupling, from the simples radicals
such as H and OH radicals and the proton tunneling [49]. The mechanisms of the glycine
formation via radical reactions are previously proposed by the study of the first-principle
quantum calculations [50]. In this paper, small radicals such as CH2 and NH2 are employed
for the formation reaction as a source of glycine.
Garrod (2013) mentioned that radical species play an important role on the formation
of interstellar glycine on icy dust in ISM [15]. He proposed a chemical reaction network
of three-phase model, which consists of a gas phase, chemically active surface layers of the
ice mantle, and an icy bulk mantle, in increasing temperature to simulate the molecular
evolution in a star-forming core. He described four diﬀerent pathways to form glycine via
radical reaction in three diﬀerent temperature ranges. In his study, OH and NH2 radicals are
created by photo-dissociation. They are highly eﬀective to subtract a hydrogen from other
complex organic molecules. Firstly, at the low temperature, 40K < T < 55K, NH2CH2CO
and OH radicals react to form glycine. As the temperature increases (55K < T < 75K),
the dominant formation reaction switches to the coupling of NH2 and CH2COOH radicals
because the key molecules on the pathway at the low temperature is sublimated. Then, at
the high temperature in his model (T > 75K), NH2CH2 and HOCO radicals couple to form
glycine. Although radical-coupling reactions tend to proceed without any activation energy,
further understanding of the whole formation mechanisms and their energetic profiles are still
required in order to evaluate the validity of these radical syntheses.
In the meantime, the specification of the roots of atoms that compose of glycine backbone
has of a great importance to assess the formation mechanisms based on observations. It is
still veiled whether the source molecules to form glycine depend on the formation mechanisms.
Since an amino acid backbone contains two carbons and one nitrogen atom, the roots of these
atoms could be categorized into a few combination patterns. The identification of the source
molecules of the backbone would be helpful to specifying the eﬃcient environment to form
glycine in interstellar and interplanetary space.
In the present study, the whole formation pathways of glycine via radical reactions are
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theoretically and computationally identified by referring to Garrod (2013) [15]. The formation
routes in the present study only use typical interstellar molecules (i.e. CH3OH, HCN, and
NH3) that are also used in the experimental study by Bernstein et al. (2002) [4]. In order
to make this specification, two concepts are suggested, which are 1) the energetic profiles of
the whole formation pathways of interstellar glycine via radical reactions and 2) the origins of
the carbon and nitrogen atoms of the glycine backbone. All the related radical reactions and
energetic profiles of their reactions are calculated by the first-principle quantum calculations.
Then, the glycine formation routes defined by the coupling combination of major interstellar
molecules are proposed.
3.2 Method
3.2.1 Reactant, Product, and Transition State on Potential Energy Surface (PES)
Potential energy surface (PES) shows the variation of potential energy of molecular system
depending on the change of its structural coordinates. The surface shows the numerical relation
of molecular structure and its energy. For example, for diatomic molecule, it shows the atomic
distance and corresponding energy as the potential energy line. In general, it also contains
the information of molecular angles and dihedrals. Normally, PES is drawn as two dimension
surface, that contains the two degrees of freedom for x and y axes and corresponding potential
energy for z axis. Actual PES is multi-dimension and thus contains multi-degree of freedom.
PES contains three meaningful minimum points, which indicate the equilibrium (stable)
conformations of reactant and product and the transition state of reaction. The minimum
points for the stable conformations of reactant and product indicate the minimum value for
all directions around the point. When it shows the minimum value among all values on PES, it
is a global minimum, that is the minimum point on PES. Transition state is another important
minimum point. But it behaves quite diﬀerent from the other points. This point shapes a
saddle point, which shows the minimum value for one direction and concurrently shows a
maximum value for the direction of the reaction coordinate.
3.2.2 Synchronous Transit-Guided Quasi-Newton (STQN) Method
The Synchronous Transit-Guided Quasi-Newton (STQN) method makes a highly eﬃcient
guess of transition structure and its state property such as transition state energy. It uses
an empirical estimate of the Hessian and plausible input structures. This method consists of
two steps; 1) it firstly calculates the quadratic region around the desired transition state using
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either a linear or a quadratic synchronous transits to estimate the approximate transition state,
then 2) it completes the optimization performed by a quasi-Newton or eigenvector following
algorithm to find the accurate structure. The STQN method requires the coordinates of
reactant and product instead of an estimation structure of transition state. This is highly
eﬃcient to localize the seeking transition state from the provided reaction coordinate.
3.2.3 Selection of Reaction Pathways
Garrod (2013) proposed several series of radical coupling reactions as glycine formation
pathways [15]. He suggested that key molecules and corresponding radical reactions on the
glycine formation highly depend on the temperature of the reaction field. The four proposed
radical coupling reactions as glycine formation are described below.
H + NHCH2COOH → NH2CH2COOH(Glycine) (3.1)
NH2 + CH2COOH → NH2CH2COOH (3.2)
NH2CH2 +HOCO → NH2CH2COOH (3.3)
NH2CH2CO+OH → NH2CH2COOH (3.4)
The present study shows the comprehensive potential formation pathways starting from
the species which are observed in molecular clouds. Reaction energy barriers and heats of
formation due to the reactions are estimated by the first-principle quantum mechanical calcu-
lations. An OH radical is formed by the photo-dissociation of a water molecule and likely to be
the most abundant radical on icy dust. Thus it is considered as the eﬃcient radical molecule
so as to hydrogen subtraction reaction. The required energy to dissociate H2O to create H
and OH radicals is 121.65 kcal/mol (5.28 eV) according to the calculation in this study. It
is noted that other radicals such as NH2 and CH3 are also be able to subtract a hydrogen.
Photo-dissociation is another way to generate radicals not only from a water molecule but also
from other intermediates of the glycine formation. This study describes the computational
results of the formation of glycine starting from the radical reactions by H and OH radicals.
First, the formations of CH2NH2 and COOH radicals as the source of glycine are shown. Then,
the subsequent glycine formations depending on temperature described in the three pathways
are shown.
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3.2.4 Computational Procedures
Their reaction energy barriers and the heats of formation of each radical reaction on the
glycine formation were calculated. The structures and energies of each transition state were
determined by the vibrational analysis. All calculations were performed by the Gaussian09 pro-
gram package [51]. The geometries of systems were fully-optimized at UB3LYP/6-311++G**
level of the theory. The scan algorithm followed by STQN method was used. In the case
of barrierless reactions, the initial structures of reactants were obtained by optimizing their
geometries with fixed the distance of the reaction axis at 3.0 A˚ between the heavy atoms or
2.4 A˚ between the heavy atom and the reactant hydrogen atom.
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3.3 Results: Energetic Profiles of the Radical Reactions and Whole
Formation Pathways
3.3.1 Formations of CH2NH2 and COOH Radicals
Firstly, the formation processes of CH2NH2 and COOH radicals, which appear in a few
glycine formation pathways, are investigated. There are three possible pathways to create
CH2NH2 radical. The diagrams of each reaction on the pathways are described in Figures 3
and 4. The first route is driven by three hydrogenation processes.
HCN + ·H→ CH2N · or · CHNH (3.5)
CH2N · or · CHNH+ ·H→ CH2NH (3.6)
CH2NH+ ·H→ ·CH2NH2 (3.7)
The first hydrogenation reactions 3.5 have the reaction energy barriers of 1.85 kcal/mol and
4.12 kcal/mol to generate H2CN and CHNH radicals, respectively (Figure 3a and 3b). These
values indicate that H2CN radical is more plausible to be produced by the hydrogenation of
HCN rather than CHNH radical. The branching ratio depends on the approaching direction
of the hydrogen, which is defined by the diﬀusion coeﬃcient of the hydrogen on the surface of
ice dust and its reaction cross-section. The heats of formation to create H2CN and CHNH are
36.66 kcal/mol and 23.21 kcal/mol, respectively. The second hydrogenation 3.6 is a radical
coupling reaction, resulting in a neutral molecule (Figure 3c and 3d). Both the hydrogenation
to H2CN and CHNH radicals are found to be barrierless in the present calculations. Therefore,
the reactions occur immediately when the reactants were settled on the appropriate reaction
coordinate. The heats of formation are 109.05 kcal/mol and 99.77 kcal/mol, respectively. The
final reaction in this route 3.7 is the formation of CH2NH2 radical (Figure 4a). The activation
barrier is 0.36 kcal/mol and the heat of formation is 45.64 kcal/mol.
The second pathway to generate CH2NH2 radical is a hydrogen subtraction from methy-
lamine by OH radical (Figure 4b).
CH3NH2 + ·OH→ ·CH2NH2 +H2O (3.8)
This reaction produces a water molecule as a by-product. To subtract a hydrogen, three
possible approaching directions of OH radical to CH3NH2 are found (See Figure 5). Among
the possible conformations, the lowest energy barrier of the reaction coordinate is zero, and













































































































Figure 3: Energy diagrams of the reactions of 3.5 and 3.6: the formation of CH2NH2. The
vertical axis show the potential energies of a reactant and a product, and the reaction energy
barriers if it exists in the unit of kcal/mol.
its heat of formation is 24.85 kcal/mol.
The third possible pathway employs diradicals. CH2NH is formed by the association of
CH2 and NH. Then, the hydrogenation reaction occurs as follows.
:CH2 + :NH→ CH2NH (3.9)
CH2NH+ ·H→ ·CH2NH2 (3.10)
The reaction 3.10 is same as the reaction 3.7. Because the reaction activity of diradical is















































































Figure 4: Energy diagrams of the reactions of 3.7, 3.8, and 3.9: the formation of CH2NH2.
The vertical axis show the potential energies of a reactant and a product, and the reaction
energy barriers if it exists in the unit of kcal/mol.
greater than that of monoradical, there is no energy barrier for the reaction of CH2 and NH
as expected. The heat of formation for the reaction 3.9 is 209.90 kcal/mol (Figure 4c). All
the numerical data is summarized in Table 4.
The formation of COOH radical begins from H2CO. It is noted that H2CO is easily cre-
ated by the hydrogenation of CO or the photo-dissociation of CH3OH, which are common
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No#Barrier#
Figure 5: Possible approaching directions of OH radical to CH3NH2 to subtract a hydrogen
(reaction 3.8). The selected direction is shown as an arrow.
Table 4: Numerical data of the calculations. *An endothermic reaction. **The values of the
highest barrier on each reaction pathway.
Reaction Type Reaction Reaction Number Reaction Step Heat of Formation Reaction Barrier
in the Text in Figure 7 [kcal/mol] [kcal/mol]
Photodissociation H2O+ hv → ·H+ ·OH -121.65*
Hydrogenation HCN + ·H→ H2CN· 3.5 1ab-1 36.66 1.85
HCN + ·H→ ·CHNH 3.5 23.21 4.12
H2CN ·+ · H→ CH2NH 3.6 1ab-2 109.05 0.00
·CHNH+ ·H→ CH2NH 3.6 99.77 0.00
CH2NH+ ·H→ ·CH2NH2 3.7 1ab-3 45.64 0.36
Hydrogen Subtraction NH3 + ·OH→ ·NH2 +H2O 3.19 2-1 8.95 2.86
CH4 + ·OH→ ·CH3 +H2O 3.20 2-2 12.01 2.81
CH3NH2 + ·OH→ ·CH2NH2 +H2O 3.8 24.85 0.00
H2CO+ ·OH→ ·CHO+H2O 3.11 1ab-4, 2-3 28.89 0.00
HCOOH+ ·OH→ ·COOH+H2O 3.13 1b-6, 2-5 27.90 0.00
CH3CHO+ ·OH→ ·CH2CHO+ H2O 3.17 23.20 6.67
CH3CHO+ ·OH→ ·CH3CO+H2O 3.24 29.51 0.00
NH2CH2CHO+ ·OH→ ·NH2CH2CO+ H2O 3.15 1a-6 28.41 0.00
CH3COOH+ ·OH→ ·CH2COOH+ H2O 3.22 2-7 18.90 7.99
Radical Coupling ·CHO+ ·OH→ HCOOH 3.12 1b-5, 2-4 112.80 0.00
·CH3 + ·COOH→ CH3COOH 3.21 2-6 87.39 0.00
·CH3CO+ ·OH→ CH3COOH 3.25 177.26 0.00
·CHO+ ·CH2NH2 → NH2CH2CHO 3.14 1a-5 70.59 0.00
·NH2 + ·CH2CHO→ NH2CH2CHO 3.18 90.15 0.00
·NH2CH2CO+ ·OH→ NH2CH2COOH 3.16 1a-7 118.28 0.00
·NH2 + ·CH2COOH→ NH2CH2COOH 3.23 2-8 94.08 0.00
·CH2NH2 + ·COOH→ NH2CH2COOH 3.26 1b-7 86.94 0.00
:CH2 + :NH→ CH2NH 3.9 209.90 0.00
Whole Reaction HCN + H2CO+ 3 · H+ 3 ·OH→ NH2CH2COOH+ 2H2O(40K < T < 55K) Route 1a 437.52 1.85**
NH3 + CH4 +H2CO+ 6 ·OH→ NH2CH2COOH+ 5H2O(55K < T < 75K) Route 2 390.92 7.99**
HCN + H2CO+ 3 · H+ 3 ·OH→ NH2CH2COOH+ 2H2O(T > 75K) Route 1b 447.89 1.85**
interstellar molecules [52]. This pathway requires the following three steps.
H2CO+ ·OH→ ·CHO+H2O (3.11)
OHC ·+ ·OH→ HCOOH (3.12)
HCOOH+ ·OH→ ·COOH+H2O (3.13)
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First, the hydrogen atom of H2CO is subtracted by OH radical (reaction 3.11). This is a
barrierless reaction and the heat of formation is 28.89 kcal/mol (See Figure 6). The second
reaction 3.12 is the radical coupling reaction of HCO and OH. The heat of formation is
112.80 kcal/mol, and the barrier is zero as expected. Then, HCOOH, the product of the
second reaction, reacts with OH radical to form COOH radical (reaction 3.13). It also has no


















































































Figure 6: Energy diagrams of the reactions of 3.11, 3.12, and 3.13: the formation of COOH
radical. The vertical axis show the potential energies of a reactant and a product, and the
reaction energy barriers if it exists in the unit of kcal/mol.
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3.3.2 Glycine Formation at 40 K < T < 55 K (Route 1a)
Figure 7 shows the energetic profiles of the whole pathways of the glycine formation via
radical reactions described in the subsection 3.3.1. In the following, the glycine formation
pathway at the low temperature (40 K < T < 55 K) suggested by Garrod (2013) [15] is
described. This pathway proceeds via a glycinal (NH2CH2CHO).
OHC ·+ · CH2NH2 → NH2CH2CHO(Glycinal) (3.14)
NH2CH2CHO+ ·OH→ NH2CH2CO ·+H2O (3.15)
NH2CH2CO ·+ ·OH→ NH2CH2COOH(Glycine) (3.16)
The first reaction 3.14 is the radical coupling reaction of HCO and CH2NH2 to create a glycinal.
Two configurations of the system are calculated, i.e. the diﬀerent orientations of HCO toward
CH2NH2 (Figure 8). At this step, the pathway with a lower activation barrier is considered as
more plausible conformation (Figure 9). The reaction barrier is zero. The heat of formation
is 70.59 kcal/mol. Then, glycinal becomes a radical by the hydrogen subtraction from OH
radical (reaction 3.15). This reaction is also barrierless, and the heat of formation is 28.41
kcal/mol. The final reaction 3.16 is again a barrierless radical coupling reaction. NH2CH2CO
reacts with OH radical, and the heat of formation of this reaction is 118.28 kcal/mol.
According to the present quantum chemical calculations, the highest barrier in the forma-
tion route at the low temperature is 1.85 kcal/mol on the reaction 3.5, which is the hydro-
genation reaction of HCN to create H2CN. Thus, it is the rate-limiting step. The reaction
energy diagram of the whole formation pathway is shown in Figure 7. Energy barriers and
the heats of formation are listed in Table 4. The total energy of the formation pathway is the
exothermal reaction of 437.52 kcal/mol.
Garrod (2013) also suggested another route to form glycinal from CH3CHO [15].
CH3CHO+ ·OH(hv in Garrod(2013))→ ·CH2CHO+H2O (3.17)
H2N ·+ · CH2CHO→ NH2CH2CHO(Glycinal) (3.18)
The first reaction 3.17 is the creation of CH2CHO radical. Garrod (2013) employs photon
energy to dissociate a hydrogen atom from CH3CHO. In the present work, on the other
hand, CH2CHO radical is formed by H-atom abstraction by OH radical. The three possible
conformations of OH radical relative to CH3CHO are examined. The detailed energy diagram
is shown in Figure 9. For the lowest reaction coordinate, the reaction energy barrier is 6.67

























Route 1b (T > 75K)
Route 2 (55K < T < 75K)
!300.00%
Step%1 Step%2% Step%3 Step%4 Step%5 Step%6 Step%7 Step%8
Route%1a 10.10 10.11 10.12
Route%1b 10.8 10.9 10.22
Route%2 10.15 10.16 10.7 10.8 10.9 10.17 10.18 10.19
10.1 10.2 10.3 10.7
Figure 7: Energetic profiles of the whole formation pathways of Route 1a, 1b, and 2. The
vertical axis shows the relative energy taking the potential energy of the initial source molecules
as zero. The parallel axis shows a step of the formation reaction. In the graph, Route 1a, 1b,
and 2 are drawn in the blue, red, and black lines, respectively. All reaction barriers are shown
as numbers if it exists. Route 1a and 1b consist of seven reaction steps and Route 2 consists
of eight reaction steps. Because the required source molecules are diﬀerent between Route 1
and 2, the final relative energies are diﬀerent. The bottom table shows the correspondence to
the chemical reactions presented in the main text.
kcal/mol. The heat of formation for this reaction is 23.20 kcal/mol. The second reaction 3.18
is the radical coupling reaction with no energy barrier, and the heat of formation is 90.15
kcal/mol. The generation process of NH2 radical is described in the next paragraph.
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(a) (b) 





Figure 8: Possible approaching directions of CHO radical toward CH2NH2 radical (reaction
3.14).











































































































































Figure 9: Energy diagrams of the reactions of 3.14 to 3.18: the formation of glycine at
40K < T < 55K. The vertical axis show the potential energies of a reactant and a product,
and the reaction energy barriers if it exists in the unit of kcal/mol.
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3.3.3 Glycine Formation at 55 K < T < 75 K (Route 2)
At the middle temperature (55 K < T < 75 K), the final reaction of the glycine formation is
the coupling of CH2COOH and NH2 radicals. Garrod (2013) [15] proposed that the generation
rate of glycine at this temperature is higher than the formation at 40 K < T < 55 K. The key
reactions at this temperature are as follows:
NH3 + ·OH→ ·NH2 +H2O (3.19)
CH4 + ·OH→ ·CH3 +H2O (3.20)
H3C ·+ · COOH→ CH3COOH (3.21)
CH3COOH+ ·OH→ ·CH2COOH+H2O (3.22)
·CH2COOH+ ·NH2 → NH2CH2COOH (3.23)
The formation of glycine at this temperature requires NH2 and CH2COOH radicals. All
the reaction diagram and numerical data are shown in Figure 7 and Table 4. The detailed
molecular structures of this route are shown in Figure 10. The first two reactions are the
subtraction processes of hydrogen from an ammonia and a methane by OH radical. The energy
barriers and the heat of formation for each subtraction are 2.86 kcal/mol and 8.95 kcal/mol for
ammonia (reaction 3.19) and 2.81 kcal/mol and 12.01 kcal/mol for methane (reaction 3.20),
respectively. Among them, the reaction coordinate which has the lowest barrier is discussed.
CH3 radical reacts with COOH radical to form an acetic acid through a barrierless radical
coupling reaction with the heat of formation of 87.39 kcal/mol (reaction 3.21). The subsequent
hydrogen subtraction from the acetic acid 3.22 has the reaction barrier of 7.99 kcal/mol and
the heat of formation of 18.90 kcal/mol. This reaction has the highest energy barrier in the
glycine formation pathway at 55 K < T < 75 K (Route 2) and also among the entire reactions
examined in this study. Therefore, this is the rate-limiting process of the glycine formation at
the middle temperature. If another pathway to form CH2COOH radical with lower reaction
barrier exists, the eﬃciency of this route might increase. The total energy evolved by this
exothermal process is 390.92 kcal/mol. While Garrod (2013) used NH2 radical to subtract
hydrogen from acetic acid rather than OH radical (reaction 3.22), OH radical has a lower
reaction barrier for this process than NH2 radial. Here, it is concluded that OH radical is
more eﬀective than NH2 radial.
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Garrod (2013) also suggested another route of the formation of an acetic acid.
CH3CHO+ ·OH→ ·CH3CO (3.24)
·CH3CO+ ·OH→ CH3COOH (3.25)
According to his work, the first reaction is thought to compete with the reaction 3.17. However,
judging from the result of the present work, the reaction 3.24 is more favorable as the hydrogen
subtraction from CH3CHO, since this reaction is a barrierless process (Figure 11). The heat
of formation of the reaction 3.24 is 29.51 kcal/mol. On the other hand, the reaction 3.17 has a
quite high reaction barrier as described above. Then, CH3CO radical reacts with OH radical
to form acetic acid (reaction 3.25). This reaction is a barrierless radical coupling with the
heat of formation of 177.26 kcal/mol.








































































































































Figure 10: Energy diagrams of the reactions of 3.19 to 3.23: the formation of glycine at
55K < T < 75K. The vertical axis show the potential energies of a reactant and a product,
and the reaction energy barriers if it exists in the unit of kcal/mol.






















































Figure 11: Energy diagrams of the reactions of 3.24 and 3.25: the formation of CH3COOH at
55K < T < 75K. The vertical axis show the potential energies of a reactant and a product,
and the reaction energy barriers if it exists in the unit of kcal/mol.
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3.3.4 Glycine Formation at T > 75 K (Route 1b)
The reaction pathway at T > 75 K is,
HOOC ·+ · CH2NH2 → NH2CH2COOH (3.26)
The generations of COOH and CH2NH2 radicals are described in the previous subsections.
The reaction 3.26 is a radical coupling reaction, whose heat of formation is 86.94 kcal/mol.
The diagram and corresponding values are described in Figure 12 and Table 4. The highest
barrier of this formation pathway is 1.85 kcal/mol, which is for the creation of H2CN radical.



























Figure 12: Energy diagrams of the reactions of 3.26: the formation of glycine at T > 75K.
The vertical axis show the potential energies of a reactant and a product, and the reaction
energy barriers if it exists in the unit of kcal/mol.
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3.4 Discussion
3.4.1 Temperature Dependence of the Glycine Formation Route
The present study investigated the activation barriers in the glycine formation routes
proposed by Garrod (2013) (Figure 13). The highest reaction barriers of each formation route
are 1.85 kcal/mol, 7.99 kcal/mol, and 1.85 kcal/mol for Route 1a, 2, and 1b, respectively. In
this subsection, the pathways of the glycine formation from relatively abundant interstellar
molecules, including the proposed reactions in the previous sections, are discussed.
Route 1a (40K < T < 55K) and Route 1b (T > 75K) 
HCN → H2CN → CH2NH → •CH2NH2
•H •H •H 
H2CO + •OH → •CHO + H2O









40K < T < 55K 
Route 1b 
T > 75K 
No Barrier Pathway 




•CH3 + •COOH → CH3COOH
•NH2 + •CH2COOH → Glycine
Highest barrier (7.99 kcal/mol) 
(Radical Coupling) 
H2CO → •CHO








Proposed Two Routes 
Figure 13: Proposed reaction routes of Route 1a, 1b, and 2. The left pathway shows Route 1a
and 1b, and the right pathway describes Route 2. Route 1a and 1b are separated on the half
of pathways; Route 1a is drawn in the blue color and Route 1b is shown in red, respectively.
At the low temperature (Route 1a), a hydrogen cyanide, a formaldehyde and three water
molecules are required to form glycine. The formation route is shown in Figure 13. H radical
is suﬃciently provided from the photo-dissociation of H2, which is a common interstellar
molecule. In the case of generating H and OH radicals by UV photo-dissociation, three water
molecules are photo-dissociated to be three hydrogen radicals and three hydroxyl radicals with
the photon energy of 364.95 kcal/mol. Hydrogen cyanide is hydrogenated to form CH2NH2
radical. It contains the reaction with the highest reaction barrier: the hydrogenation reaction
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of hydrogen cyanide to be H2CN radical with the barrier of 1.85 kcal/mol. Besides, a hydrogen
atom of formaldehyde is subtracted by hydroxyl radical to form HCO radical. Subsequently,
the generated radicals couple to form glycinal.
The formation pathway at T > 75 K (Route 1b) is quite similar to Route 1a. The source
molecules are same as those of Route 1a: CH2NH2 radical, HCO radical, and two hydroxyl
radicals. In Route 1b, however, the order of the coupling reactions is diﬀerent from that
of Route 1a. The first reaction is the coupling of HCO and OH radicals to form formic
acid. Then, a hydrogen atom is subtracted from the generated formic acid to become COOH
radical. Finally, COOH radical reacts with CH2NH2 radical to create glycine as a radical
coupling reaction. The branching steps in both routes (Step 5 - 7 in Figure 7) only contain
barrierless reactions. Therefore, the highest barrier for both routes is 1.85 kcal/mol of the
hydrogenation of HCN (reaction 3.5).
On the other hand, the glycine formation of Route 2 is quite diﬀerent from Route 1a
and 1b. The required source molecules are an ammonia, a methane, a formaldehyde and six
hydroxyl radicals. The formation pathway is described in Figure 13. The creation of COOH
radical is same as in Route 1b. Then, COOH radical consequently reacts with a methyl radical
to form an acetic acid, which is then dehydrogenated and couples with NH2 radial to form
glycine. The highest reaction barrier in Route 2 is 7.99 kcal/mol, which is significantly higher
than that of Route 1. Therefore, if the suﬃcient source molecules for both formation routes
are supplied, Route 1 would be more eﬀective than Route 2.
Route 1a, 1b and 2 are summarized by the following formulae.
HCN + H2CO+ 3·H+ 3 ·OH→ Glycine + 2H2O+ 437.52 kcal/mol (3.27)
NH3 + CH4 +H2CO+ 6 ·OH→ Glycine + 5H2O+ 390.92 kcal/mol (3.28)
HCN + H2CO+ 3 · H+ 3 ·OH→ Glycine + 2H2O+ 447.89 kcal/mol (3.29)
These three reactions shows that the formation of one glycine molecule requires six radicals
that are originally provided by three or six water molecules. Note that the total heats of
formation for Route 1a and 1b have a diﬀerence despite the same chemical formulae. This
originates that these formation routes do not simulate the sequential reactions of the glycine
formation, that is, it only follows the summation of the heat of formation of each reaction.
Therefore, this diﬀerence originates from the computational conditions (i.e. the coordinates
of the reactant and product).
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3.4.2 Source Molecules of Glycine Depending on Synthesis Routes
The detection of the atomic origin connects to the clarification of the appropriate envi-
ronment to form glycine. In addition, the theoretical understanding of the formation route
may be necessary to discuss the existence of glycine from the spectral observation of simple
molecules in interstellar cloud. This subsection analyzes the origin of carbon and nitrogen
atoms of glycine backbone at the molecular level. Elsila et al. (2007) experimentally analyzed
the origin of carbon and nitrogen atoms of the glycine backbone by the isotopic labeling [7].
Their study described that all the carbon and nitrogen atoms of glycine backbone, i.e. an
amide nitrogen, an alpha carbon (Cα), and a carboxyl carbon, are mainly originated from hy-
drogen cyanides. Loomis et al. (2013) also mentioned the atomic routes of glycine depending
on the formation mechanisms such as Strecker-type, radical-radical, and nitrile reactions [16].
The present study proposes two possible formation routes by the radical coupling reactions
(Figure 14). In the formation route at the low and high temperatures (Route 1a and 1b),
both amide nitrogen and Cα atoms of the glycine backbone originate from same hydrogen
cyanide. In other words, the C-N bond of source hydrogen cyanide is conserved among the en-
tire formation reactions. Carboxyl carbon in this case is derived from formaldehyde. Another
formation route (Route 2) uses three diﬀerent molecules for the glycine backbone atoms. The
amide nitrogen and the Cα atoms come from an ammonia and a methane, respectively. The
carboxyl carbon is originated from formaldehyde as well as Route 1.
For the Strecker-type synthesis (See Woon (2002) [53]), the required source molecules
are similar to Route 2 in the present study. It uses hydrogen cyanide rather than methane.
However, the correspondence of the carbons is opposite. In the Strecker reaction, the carbon of
formaldehyde is assigned as Cα and hydrogen cyanide provides carboxyl carbon, respectively,
whereas Route 2 in the present study propose that methane and formaldehyde are assigned as
Cα and the carboxylic carbon. On the other hand, none of the proposed routes in the present
study could explain the reaction route occurred on the experimental study by Elsila et al.
(2007) [7]. If HCO radical produced from formaldehyde is substitute for hydrogen cyanide on
the radical formation of Route 1, in other words, Route 1 uses an aminoacetonitrile rather
than glycinal on the way, then the source molecules become only hydrogen cyanide and would
explain the experimental result of Elsila et al. (2007). However, the dissociation reaction
of the C-N triple bond must have high reaction barrier that is the formation would require
significant external energy to form glycine unlike the other radical coupling reactions.
According to the studies by Garrod (2013) and Elsila et al. (2007), the source molecules
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HCN + H2CO + 3•H + 3•OH → NH2CH2COOH + 2H2O
NH3 + CH4 + H2CO + 6•OH → NH2CH2COOH + 5H2O
Strecker-type synthesis (Rimola et al. (2010))
(CH3OH + hv → H2CO + H2)
H2CO + NH3 → CH2NH + H2O
CH2NH + HCN → NH2CH2CN
NH2CH2CN + 2H2O → NH2CH2COOH(Glycine) + NH3
Experiment (Elsila et al. (2007))
H2O + CH3OH + HCN + NH3 + hv → NH2CH2COOH(60%)
Radical-coupling synthesis (This study)
Glycine Formation Pathway 
Route 1: 
Route 2: 
Figure 14: Relations of the carbon and nitrogen atoms between the source molecules and
the glycine backbone on the diﬀerent formation mechanisms. The routes on the Strecker-
type synthesis, radical-coupling reaction, and the experimental study are shown. Each color
denotes the correspondences of atoms. The proposed initial molecules are underlined.
of glycine could be divided into three pieces. Glycine consists of one nitrogen and two carbon
atoms for its backbone. Assume that formaldehyde could substitute for methane as a source
of the carbon atom. Also it is created by the photo-dissociation of methanol. Then, the
glycine formation routes described in the present study are classified into six categories of the
combinations of methanol, hydrogen cyanide, and ammonia (Figure 15). The source molecules
of the formation routes proposed by the previous studies could be explained by any of these
patterns. The carbon atoms are originated from methanol, hydrogen cyanide or both. Nitrogen
atom is from either hydrogen cyanide or ammonia. Strecker-type reaction requires methanol,
hydrogen cyanide, and ammonia, one by one.
The combination patterns in Figure 15 also gives a clue to make other possible pathways
to form glycine. In the Strecker-type synthesis, another pathway using an acetonitrile and
an amino acetonitrile are also proposed (Figure 16a). Since acetonitrile is one of the most
common interstellar molecules, this route may also be eﬀective for the glycine formation albeit
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CH3OH : HCN : NH3 
(NH2CH2COOH) 
2 : 1 : 0 
2 : 0 : 1 
1 : 1 : 0 
1 : 1 : 1 
0 : 2 : 0 
0 : 2 : 1 
Strecker / Modified Strecker (Fig.5) 
Elsila et al. (2007) / Modified Nitrile (Fig.5) 
*Glycine : 2C + N 
= 
Combination 
Radical-coupling Route2 (if CH3OH substitutes for CH4) 
Radical-coupling Route1a / 1b 
Not defined 
Not defined 
Figure 15: Combination patterns of the carbon and nitrogen atoms that forms glycine back-
bone and corresponding formation mechanisms. The required numbers of the molecules
(methanol, hydrogen cyanide, and ammonium) are defined by zero, one, or two since glycine
backbone contains two carbon and one nitrogen atoms. All the possible combination patterns
are thought to be six albeit two of them are not defined in the present study.
it contains a hydrolysis reaction. The main formation pathway in the isotopic experiment
proposed by Elsila et al. (2007) only requires two hydrogen cyanides. The present study also
approaches to explain the detail of this pathway (Figure 16b). Routes 1 and 2 of the radical
synthesis pathways proposed in this study are the category 3 and 2, respectively. Other two
categories are still not defined by the searching of the present study. Because glycine can be
formed via any combination of patterns in Figure 15, it would have the compatibility among
these three molecules and exist some common chemical properties.
The molecules shown in Figure 15 are found in the various environments in interstellar
clouds [52, 54–57]. Thus, the glycine formation starting from them is highly plausible. In the
present study, formaldehyde is treated as the source molecule of Cα or the carboxyl carbon
(Figure 13). It is known that formaldehyde is produced by the photo-dissociation of methanol.
Since methanol has its sublimation temperature higher than formaldehyde, it is more stable
on ice dust. It is also observed more often compared to formaldehyde in molecular clouds.
Meanwhile, they have an analogy on their photo-chemical properties each other. Therefore,
methanol is substituted for formaldehyde in Figure 15. However, methanol could provide a
methyl radical and a hydroxyl radical by its photo-dissociation. In terms of this, methanol
may be more eﬀective than formaldehyde as the source of glycine. Hydrogen cyanide and
ammonia may also be compatible as the source of nitrogen. According to the experiment
by Elsila et al. (2007), hydrogen cyanide may have an advantage over ammonia. Hydrogen
cyanide could provide both carbon and nitrogen atoms to create glycine. Further comparison
above these molecules is required to define the best sources of interstellar glycine.
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(a) Modified Strecker 
CH3OH + HCN → CH3CN + H2O
CH3CN + •OH → •CH2CN + H2O
H2N• + •CH2CN → NH2CH2CN(Amino acetonitrile)
NH2CH2CN + 2H2O → NH2CH2COOH(Glycine) + NH3
(Acetonitrile) 
(b) Modified Nitrile 
HCN + hν → •CN + •H
NC• + •CN → NC2N
NC2N + 4•H → NH2CH2CN(Amino acetonitrile)






Figure 16: Possible pathways proposed in the present study. The pathways of Modified
Strecker and Modified Nitrile with the routes of the colored backbone carbon and nitrogen
atoms are shown. Both pathways are composed of radical reaction and the hydrolytic cleavage
reaction of C-N triple bonding. Note that Modified Nitrile is originally proposed by Elsila et
al. (2007) and expanded in the present study.
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3.5 Conclusion
In the present study, two concepts are proposed; the whole glycine formation pathways via
radical coupling reactions and the origin of carbon and nitrogen atoms. The glycine formation
pathways are categorized into two routes as follows: (i) Route 1 uses HCN as for the carbon
and nitrogen source, and (ii) Route 2 requires ammonia and methane, instead. For Route 1, if
both hydrogen and hydroxyl radicals are used for the glycine formation, three water molecules
for one glycine is requested. A hydrogen cyanide, a formaldehyde, and three water molecules
become a glycine, and two water molecules are released. The photon energy to decompose
one water molecule is 121.65 kcal/mol. Thus, 364.95 kcal/mol (∼ 15.8 eV) for dissolving three
water molecules are required. The overall heats of formation on Route 1a and 1b are 437.52
kcal/mol and 447.89 kcal/mol, respectively. Thus, this glycine formation processes generate
the heats of formation of 72.57 kcal/mol and 82.94 kcal/mol, respectively. On the other hand,
Route 2 creates less heat of formation, which is 390.92 kcal/mol, and requires more number
of OH radicals. In addition, the highest barriers for Route 1 and 2 are 1.85 kcal/mol and 7.99
kcal/mol, respectively. Thus, Route 2 is unlikely as the glycine formation pathway compared
to Route 1 without considering the abundance of source molecules. The formation pathways
proposed in the present study employ the energetically stable intermediates in the reactions
(i.e. CH2NH, HCOOH, CH3COOH, and NH2CH2CHO). It could provide a diﬀusivity to
encounter another molecule to subsequent reactions.
The essential molecules as the source of glycine are identified by the combination of three
parts. The combination pattern depends on the formation mechanism. Garrod (2013) and
Singh et al. (2013) proposed the importance of radical reactions for the formation of glycine in
interstellar space [15,50]. The present study may contribute the development of the formation
mechanism of glycine via radicals by approaching more general molecules such as methanol,
hydrogen cyanide, and ammonia. By observing the temperature of molecular cloud, the radi-
ation strength, and the distribution of interstellar molecules, the present study could suggest
the key reactions to form glycine under such observed environment.
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4 Asymmetric Photo-absorptivity of Chiral Amino Acids
4.1 Introduction
Amino acids, the terrestrial biomolecules, have two symmetric structural conformations
which are called enantiomers. They consist of L- and D-forms. By the experiment of the
formation of amino acids from simple materials in vitro, L- and D-forms of the amino acids
are formed in equal amount, that is a racemic state. However, Life on the Earth mostly consists
of L-form amino acid which is defined as homochirality. This tells us that the selection of L-
form amino acids had to occur during life evolution. This inconsistency has been treated as
one of the mysteries in the origin of life for a long. Enantiomeric excess (ee) is defined as ee
[%] = (L - D) / (L + D) × 100, where L and D are the amounts of amino acid respectively.
ee becomes zero in a racemic state and 100% for homochirality.
Recently, several amino acids such as glycine, alanine, valine, and isovaline were found
in the Murchison meteorite, that fell on Australia in 1969 [58, 59]. They were also found in
the other meteorites [3]. In addition, the chiral amino acids in these meteorites indicate a
significant ee. Since isovaline is an isomer of valine and non-biological amino acid, it hardly
suﬀers the terrestrial contamination. Therefore the ee of isovaline is thought to be obtained
outside the Earth. This implies that, at least, the ee of chiral molecules commonly occurs not
only on the Earth but in our solar system. As mentioned on the introduction in the previous
part, glycine was clearly found in the comet measured by the ROSINA spectrometer [32]. In
addition, the first detection of the interstellar molecule, propylene oxide, was reported in June,
2016 [60].
On the other hand, by the spectroscopic molecular observation, several precursor molecules
related to amino acids were detected in molecular cloud. Amino acetonitrile, which forms
glycine by the hydrolytic reaction of its nitrile bonding, was detected in the high mass star
forming region Sagittarius B2(N) [33]. Amino propionitrile, the derivative form of amino
acetonitrile and the precursor of alanine, was also proposed its existence in interstellar space
[61]. The detection of interstellar amino acid is a matter of time.
Despite the development of the studies of interstellar biomolecules, the origin of homochi-
rality is still controversial. One of the most plausible mechanisms to create ee is the asym-
metric photo-reaction. Circularly-polarized light (CPL) may produce the asymmetric photo-
dissociation of chiral amino acids to break its racemic state and make the inequality of the
abundances of L- and D-amino acids. To support this mechanisms, several experiments are
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proposed. The experiment of the photoionization of racemic alanine produced by the radiation
of Lyα line shows a significant excess of L-form alanine with the value of about 4 % [62]. By
the formation experiment of amino acids, simple molecules such as methanol, ammonia, and
water forms alanine with the ee of 1.34 % by the irradiation of UV-CPL [6]. Moreover, it is
proposed that a little ee of amino acids is easily amplified by a biochemical reaction such as a
polymerization process [63]. Their experimental results suggest that the CPL radiation could
produce the amino acid ee and thus the possible origin of homochirality.
In interstellar region, a wide range of circular polarization (CP) is observed in the massive
star forming regions of the Orion OMC-1 and BN/KL nebula [64, 65]. Figure 17 shows the
distribution of CP in the Orion BN/KL nebula. The red region indicates the strong CP of
about 15 %. Such cosmic CPL might be the origin of homochirality as a triggering system
to break the balance of the amounts of interstellar chiral molecules. However, it is proposed
that the summation of the diﬀerences of CPL absorptivity (Circular Dichroism (CD)) for the
whole wavelength range must be zero. This rule is called Kuhn-Condon zero-sum rule [66,67].
Therefore the polychromatic radiation such as the radiation from a typical massive star cannot
generate a significant ee. The mechanism to extract a certain wavelength from the interstellar
radiation is imperative.
Galaxies experience the process that emit the strong Lyα emission line, during the early
phases of galactic formation, which is called Lyman α emitter (LAE). Figure 18 shows the
image of LAE obtained by the computational simulation from Mori & Umemura (2006) [68].
Amino acids are created from simple molecules by the irradiation of UV light including the
Lyα lines [7]. Interstellar molecular clouds can work as the stage for generating the simple
organic molecules. In molecular clouds, ammonium, aldehyde, and hydrogen cyanide are
attracted to icy dust surfaces and combine with each other to form a biomolecule. The Lyα
radiation of such molecular clouds may promote molecular formations and dissociations. Star
forming regions generally have strong magnetic field inside. These magnetic fields cause the
Lyα line to become circularly polarized. In fact, circular polarization is widely distributed
in molecular clouds and star forming regions. If the Lyα radiation during the early galactic
phases is circularly polarized, it then creates the CPL radiation of particular wavelength.
These circularly polarized Lyα lines (CPLyα) arguably work as the space filter to overcome the
Kuhn-Condon zero-sum rule and cause enantiomeric excess of interstellar molecules. Figure
19 shows the schematic image of the process to produce the asymmetric photo-dissociation of
chiral molecules by CPLyα originated from the LAE radiation. The enantiomeric excess of
amino acids and their precursors in molecular clouds is produced by CPLyα. In other words,
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Figure 17: Distribution of circular polarization (CP) in the Orion BN/KL nebula from Fukue
et al. (2010) [65]. The image shows the polarization in the KS band (2.14 µm), which is
the near-infrared region that normally influence the vibration excitations of molecules. The
spacial area of 0.74 pc2 at a distance of 460 pc, which is much larger than the size of our solar
system, are shown. The polarization rate is indicated in colors.
the intensity of the CPL radiation is specific to the wavelengths around the Lyα line and
breaks the Kuhn-Condon zero-sum rule.
In the early galactic phases the abundant Lyα lines, widespread magnetic fields, interstellar
dust to generate circular polarization, and icy dust, as the soil of molecular formation, are
provided. They may enable the asymmetric production of biomolecules. In this part, the
possible conformations of the amino acids found in the meteorites and their photo-properties
are analyzed by the first-principle quantum calculations. Then, the probability of enantiomeric
excess under the radiation field of typical Lyα emitters is discussed. According to these results,
the potential mechanism of generating the amino acid ee is suggested.
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Figure 18: Image of Lyman α emitter (LAE) obtained by the computational simulation by
Mori & Umemura (2006) [68].
Figure 19: Schematic image of the asymmetric photo-dissociation of chiral molecules by
CPLyα originated from the LAE radiation. The image contains the radiation source, Lyα
line molecular cloud, CP, both-handed CPLs, amino acids, and planetary systems.
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4.2 Method
4.2.1 Selection of Amino Acids
In this study, simple chiral amino acids, alanine, valine, and isovaline are selected. Alanine
and valine are the fundamental biological amino acids. Isovaline is a non-terrestrial amino
acid and found in meteorite. Thus it becomes a good indicator to discuss the extraterrestrial
ee. All of them are observed in several meteorites [3]. Table 5 shows their properties. The
molar weight of alanine is 89.09 g/mol and the ones of valine and isovaline are 117.15 g/mol.
Note that isovaline cannot diﬀerentiate their forms of L- and D- in the mass analysis because
of its structural property. The content amounts are referred from Ref. [3].
Table 5: Properties of alanine, valine, and isovaline. The molar weight [g/mol], content
amounts in the Murchison meteorite [ppb] (See Table 2), and the usage in biological body are
shown.
Molar Weight [g/mol] Content [ppb] Biological Usage
Alanine 89.09 1282 ± 90 Used
Valine 117.15 321 ± 32 Used
Isovaline 117.15 2796 ± 298 Not used
4.2.2 Computational Procedures
All calculations were performed by the Gaussian09 rev.D [51]. The SAC-CI/cc-pVTZ
basis sets are used for calculations [69]. First, the optimized amino acid structures assumed in
space environment are obtained. Amino acids in a vacuum may have several conformations for
their main chain and protonation states such as zwitterionic and unionized. All the plausible
conformations are discussed. Then 150 excited states for these structures are calculated to
analyze their excitation properties.
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4.3 Results
4.3.1 Possible Conformations of Amino Acids in Space
The most stable conformations are obtained by the calculations of the B3LYP/6-311++G**
basis sets (Figure 20). They denote the neutral forms of their protonation patterns. For valine,
it shows the Gauche II form of the isomeric conformations of its side-chain. Isovaline shows
the Gauche I form, on the other hand.
(a) (b) (c)
Figure 20: Optimized structures of alanine, valine, and isovaline assumed in interstellar space.
4.3.2 Photo-absorptivities for UV and CP Lights
The absorption intensities of L-form alanine, valine, and isovaline for the UV radiation and
CP radiation are shown in Figure 21 and 22, respectively. The electron states and the state
energies for 150 excited states, up to 11 eV (about 100 nm), are calculated. In Figure 22, the
overall pictures are similar among the diﬀerent kinds of amino acids. They have three common
large peaks on their spectra. First peak is at around 100 nm for alanine and 110 nm for valine
and isovaline. Second peak is at 140 nm and the third one is around 185 nm. Since their peaks
are common in the three amino acids, the peaks are thought to arise from the structure of
amino acid backbone. They shows large absorption intensities for electron excitation around
100 to 140nm, which is the vacuum UV region, and small intensities around lower energy
region. The maximum value of the intensity is about 20[104cm−1] at 100 nm and 120 nm for
alanine and 110 nm for valine and isovaline. The alanine UV spectrum is compared to the
experimental spectrum shown as the red line (the experimental data obtained from ref. [70]).
Both lines show similar features as a whole. Thus the computational results in this study is
supposed to have suﬃcient accuracy.
Figure 22 shows the circular dichroism (CD) spectra of the amino acids, which is the
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Figure 21: UV absorption intensities of L-form alanine, valine, and isovaline. The left vertical
axis shows the spectral intensities in the unit of [cm−1], which correspond to the black lines
in the figure. The right vertical axis indicates the oscillator strengths corresponding to the
blue pectinate-shape lines. The red spectrum in L-form alanine shows the experimental UV
spectrum for the comparison from Tanaka et al. (2010) [70]. They are shown in the wavelength
region from 100 nm to 210 nm.
diﬀerence of the absorption intensities of CPL between L- and D-forms. In their overall
characteristics, they have two common positive peaks and one negative peak. However, the
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Figure 22: CD spectra for L-form alanine, valine, and isovaline. The left vertical axis
shows CD spectra ∆ϵ in the unit of [mol−1cm−1], which correspond to the black lines in
the figure. The blue pectinate-shape lines indicate the rotational strength in the unit of
[10−40cgs(esu · cm · erg/Gauss)]. The spectra are shown in the region from 100 nm to 210 nm
and the corresponding energies are indicated in the top parallel axis.
corresponding wavelengths are diﬀerent. For alanine, there are two positive peaks at 110 nm
and 160 nm, and two negative peaks at 100 nm and 125 nm. The spectrum of valine also has
two positive peaks at 110 nm and 175 nm, and two negative peaks at around 105 nm and 130
nm. On the spectrum for isovaline, the first positive peak appears at 105 nm and the second
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peak is at around 130 to 140 nm. The negative peak appears at 115 nm. All the three spectra
shows large peaks around 100 nm to 130 nm and small values in the lower energy region, that
is the same characters as the UV spectra in Figure 21. The alanine spectrum indicates positive
values longer than 200 nm albeit the spectra for valine and isovaline show negative values in
the same region. The absolute maximum value of the alanine spectrum is 27.80[mol−1cm−1]
at 112.69 nm. The maximum values for valine and isovaline are 15.54[mol−1cm−1] at 111.28
nm and 34.17[mol−1cm−1] at 104.51 nm, respectively.
4.3.3 Approaching to Interstellar Radiation
The previous section shows the properties of the amino acid CD spectra. According to
them, the values of the CPL absorptivities strongly depend on the wavelength. For example,
the alanine CD spectrum shows the positive value around 11 eV, which leads L-form alanine
absorbs the left-handed CPL of 11 eV more than the right-handed one. On the other hand,
the spectrum shows negative values at 10 eV, which leads the opposite eﬀect, viceversa. That
is, the L-form alanine absorbs the right-handed CPL of the energy of 10 eV more than the left-
handed CPL. Therefore, any homogeneous radiation hardly produces a significant asymmetric
photo-reaction. The mechanism to pickup a specific wavelength is required.
As the typical cosmic radiation source, the spectrum of Lyman α emitter (LAE) is intro-
duced to make a convolution with the calculated amino acid CD spectra. The composite LAE
spectrum is employed from Shibuya et al. (2014) [71] (Figure 23). It shows the large peak at
the Lyα line. Figure 24 shows the amino acid CD spectra and the LAE spectra focused on
the region of the Lyα line energy. The LAE spectrum indicates the one big peaks at 121.6
nm and vibrates with low values on the other wavelength (shown in the blue line). The black
lines indicate the corresponding amino acid CD spectra. Note that the CD values for all the
amino acids shows negative values at Lyα line. The CD values at 121.6 nm are -11.96, -3.48,
and -3.04 [mol−1cm−1] for alanine, valine, and isovaline CD spectra, respectively.
Then, the convolutions of the amino acid CD spectra and the observational LAE spectrum
are created. Figure 25 shows the convolution spectra from 120 nm to 130 nm. All the spectra
shows only one large negative peak at 121.6 nm. It implies that the LAE radiation extracts
the specific wavelength of 121.6 nm in the CPL absorption reactions of the amino acids.
Since the photo-absorption of a molecule induces the decomposition of its atomic bonding by
the electronic excitation with a certain probability, this CPLyα radiation could produce the
common asymmetric decomposition, therefore the generation of ee.
Finally, the expected ee values for alanine, valine, and isovaline under the LAE radiation
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Figure 23: Composite observational LAE spectrum employed from Shibuya et al. (2014) [71].
are estimated. Table 6 shows the ee values and the experimental result for comparison.
Table 6: Expected ee values for alanine, valine, and isovaline in the present study and the
experimental ee value of alanine for comparison [62]. Numbers in the bracket denote the ratios
over the value of alanine.
Expected ee Value Photoionization by Lyα Irradiation
∆ϵ× LAE/ϵ× LAE Obtained ee [%]
Amino Acids This Study Tia et al. (2013)
Alanine -0.040 (1.00) ∼4
Valine -0.020 (0.50)
Isovaline -0.018 (0.45)








































































Figure 24: Amino acid CD spectra and the LAE spectra focused on the region of the Lyα line
wavelength; 120 nm to 130 nm. The composite LAE spectrum is shown in the blue line. The
CD spectra are shown in the black lines. The right vertical axis indicates the intensity of the
LAE spectrum as the dimensionless parameter.











































Figure 25: Convolutions of the amino acid CD spectra and the observational LAE spectrum.
The spectra shows between 120 nm to 130 nm. The vertical axis indicates the intensity of the
convolution spectra ∆ϵ · fλ in the unit of [mol−1cm−1].
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4.4 Discussion
4.4.1 Conditions on the Creation of Enantiomeric Excess
The present study proposes the origin of amino acid enantiomeric excess in interstellar
space by the CPL radiation at the Lyα wavelength. The calculations in this study assumes a
vacuum environment for the structures of the amino acids in which the ionization of alanine
at 8.88 eV could be prior to the excitation at 10.2 eV. Besides, the actual environment of the
formation of amino acids is thought to be on the surface of interstellar ice dust. Thus it may
inhibit an ionization of molecule and prompt selective dissociations. This study considers the
dissociation reactions without ionizations. However, it is reported that Lyα line has a critical
role on the generation of ee for gas-phase alanine that does consider the ionization process [62].
The excitation states of amino acid are expressed by the combination of electronic and
vibrational excitations. Because of this combination, the excitation spectrum of amino acid
is likely to be a certain bandwidth rather than peaky lines even under ultra-low temperature
and isolated condition such as in interstellar space. If the absorption wavelength range was
critically narrow, it would be diﬃcult to overlap the absorption for the electronic excitation
and Lyα line energy to operate photo-reaction. In this study, a Gaussian distribution of 0.33
eV bandwidth for the absorption and CD spectra has been adopted.
4.4.2 Comparison to Experiments and Meteorites
To verify the validity of the present calculation, the obtained ee is compared to the exper-
imental results and the ee values observed in meteorites. The ee values for alanine generated
by photosynthesis and photo-dissociation experiments are well reported. Table 4.4.2 shows
the computational result in the present study and the reported experimental values for ala-
nine. It shows the photo-dissociation experiment by the irradiation of R-CPL of 210-230 nm.
Also, four photosynthesis experiments are shown. Their experiments used the radiations of
the wavelengths (energies) at 10.2 eV, 6.64 eV, 7.45 eV, and longer than 200 nm. On the
photosynthesis experiments, the sign of the generated ee values whether positive or negative
depends on the wavelength of the CPL radiations and their forms. The present computational
study assumes the radiation of 10.2 eV, that should be comparable to the experiment by Mod-
ica et al. (2014) [73]. The absolute value of the computational ee is likely to be equivalent to
their experimental result.
Then, the ee values of alanine, valine, and isovaline observed in the Murchison meteorite
are shown in Table 4.4.2 for the comparison. The values in the meteorite commonly show
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Table 7: Computational ee value for alanine in the present study and the reported experimental
ee values. The experimental values are obtained by the asymmetric photo-dissociation and the
asymmetric photosynthesis reactions by the CPL irradiations [6, 9, 72–74]. For the synthetic
experiments, the obtained ee values by R-CPL and L-CPL radiations are shown.
ee [%] Calculated ee Photo-dissociation Photosynthesis
Present Study Norden (1977) Modica et al. (2014) de Marcellus et al. (2011) Nuevo et al. (2006) Takano et al. (2007)
210-230 nm 10.2 eV 6.64 eV 7.45 eV > 200nm
R-CPL R-CPL L-CPL R-CPL L-CPL R-CPL L-CPL R-CPL L-CPL
Alanine -4.0 0.06 1.04 -0.34 -1.34 0.71 1.10 0.40 -0.44 0.65
much higher than the values in Table 4.4.2. This is because the ee values in the meteorite
may be obtained by the processes of the asymmetric synthesis of amino acids, the asymmetric
dissociation, and the ee amplification. The point is that all the observed values shows positive
that is completely equivalent to the L-form amino acid excess on the earth.
Table 8: ee values of alanine, valine, and isovaline observed in the samples of Murchison
meteorite [17, 75, 76]. The values in brackets shows the ratios over the values of alanine,
respectively.
ee [%] Murchison Meteorite
Amino Acids USNM 5453 (Glavin et al. (2010)) USNM 6650 (Glavin et al. (2010)) Burton et al. (2014) Pizzarello & Cronin (2000)
Alanine 9.6 (1.0) 2.8 (1.0) 5.5 (1.0) 1.2 (1.0)
Valine < 34.7 (3.6) 2.8 (1.0) 32.2 (5.8) 2.2(1.8)
Isovaline 17.2 (1.8) 18.5 (6.6) 7.2 (1.3) 8.4 (7.0)
Amino acid ee could be created through the asymmetric photo-dissociation of amino acids,
the asymmetric synthesis from their precursors, or their combination processes. The calculated
CD spectra for the three amino acids in the present study commonly express negative peaks
at the Lyα band. This means that they absorb right-handed CPL (R-CPL) more than left-
handed CPL (L-CPL) at this wavelength. In other words, D-form amino acid absorbs L-CPL
more than R-CPL, vice versa. Assume that CPLyα radiation directly induces the amino acid
excitation and its photo-dissociation, the present result indicates that 10.2 eV L-CPL destructs
D-form amino acids more than L-form. That is, left-handed CPLyα creates L-form ee (eeL)
through the asymmetric photo-dissociation of amino acids. Meanwhile, it is reported that
eeL is created by the R-CPL irradiation in the amino acid photosynthesis experiment. This
experiment shows that the asymmetric synthesis of amino acids by 10.2 eV R-CPL produces
1.04 % eeL of alanine. This inconsistency may be produced because the synthetic process
of amino acids, their dissociations, and the amplification of ee may compositely occur in the
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experiment. Further research is required to identify which process critically determines the
generation of ee.
4.4.3 Comparison to Experimental CD
In order to discuss the validity of the present computational result, the CD spectrum of
alanine obtained by calculation is compared to the experimental CD spectrum. Figure 26
shows the comparison of computational and experimental CD spectra. According to this
figure, both spectra have a main peak around the wavelength of Lyα line. However, the
absolute values still have a significant diﬀerence. In addition, the trend is also diﬀerent from
160 nm to 200 nm each other. These diﬀerences may come from the diﬀerence of the conditions



























Figure 26: Comparison of computational and experimental CD spectra for alanine. Vertical
axis shows the intensities of CPL absorptivity ∆ϵ. Horizontal axis shows the wavelength from
90 to 220 nm. Black line indicates the computational result obtained by the present study.
Red line shows the experimental CD spectrum reported by Tanaka et al. (2010) [77].
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4.5 Conclusion
The present study augments the plausibility that the amino acid ee in space originates
from the CPL irradiation at the Lyα band. The LAE phase in the Milky Way galaxy might
correspond to an early starburst phase several billion years ago in the bulge component. Our
solar system is located at 28 thousand light-years away from the galactic center in the disk
component. Therefore, the intense Lyα emission came from the solid angle collimated towards
the galactic center in the whole sky. Such peaky Lyα radiation could be circularly polarized
by scattering and dichroic extinction by dust grains aligned to interstellar magnetic field
near the proto-solar system. CP region induced by the aligned dust grains may form around
molecular cloud. Interstellar amino acids such as discussed in the present study may absorb
this CPLyα radiation. The present results support that the chiral selection of molecules could
originate in this. Table 4.4.2 lists the experimental ee obtained by photo-dissociation and
the photosynthetic process with either L- or R-CPL irradiation. It shows both synthesis and
dissociation experiments result in producing significant ee values. However, the ee of amino
acids strongly correlate with the handedness of CPL and its wavelength. Further study is
required to reveal whether the selective absorption shown in this study works to create ee
through the asymmetric photo-dissociation or photosynthesis. The present study shows that
substantial ee up to 0.040 % is produced by the photo-dissociation reactions from CPL. The
calculated ee value of alanine is highly comparable to the photoionization experiment by Tia
et al. (2013) [62]. In addition, the CD spectrum of alanine in the present study also shows
positive value around 210-230 nm. Envisioning the origin of amino acid chirality, alanine is
the most basic amino acid having chirality and is likely to be the base of the other biological
amino acids. This suggests that the existence of ee on alanine potentially corresponds to the
ee on all the other amino acids.
In the present study, it is proposed that the circularly polarized Lyα light has a critical
role to produce amino acid homochirality, as “a galactic waveband filter”. Intense Lyα emis-
sions, extensive magnetic fields, and abundant icy dust are subsistent in the early galactic
phases. Such environment produce CPLyα and organic macromolecules in order to gener-
ate enantiomeric excess in space. The intensive Lyα emission from an early starburst in the
Galactic bulge is most likely to be responsible for L-amino acid excess. Also, massive star
forming region which previously existed in the vicinity of the proto-solar system could be the
possible origin to trigger the creation of terrestrial ee through the same mechanism. Until
now, the origin of the amino acid homochirality has been obscured because of the restriction
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by the Kuhn-Condon zero-sum rule. The galactic waveband filter of Lyα radiation could be a
possible solution to reveal the origin of homochirality. The alanine CD spectrum at high en-
ergy wavelengths such as UV radiation level in a laboratory was obtained experimentally [77],
albeit the studies about amino acid CD spectrum around the high energy wavelength such
as UV radiation level are very limited. The computational result for alanine in this study is
highly consistent with both of these experimental data and the selectivity of D-amino acid
dissociation at possible light source in early starburst phase.
5 GENERAL CONCLUSION 67
5 General Conclusion
The present study approached the potential formation mechanisms of biological molecules
and its chiral universality in interstellar space. First part showed the formation pathways
of glycine from the typical interstellar molecules, and the possible origin of glycine backbone
atoms. The formation pathways via radical reactions are composed of two main routes depend-
ing on temperature. Most of the component radical reactions have no reaction energy barrier.
For all formation pathways, a net amount of the total heat of formation is positive and thus
they are exothermal reactions. Their results imply that the formation reaction could proceed
in the low temperature environment such as on the surface of interstellar icy dust. The po-
tential source of the carbon and nitrogen atoms of glycine backbone were also proposed. The
source molecules of glycine is explained by the combination of methanol, hydrogen cyanide,
and ammonia, which are typical interstellar molecules. They have a six possible combination
patterns defined by the mechanisms of glycine formations. This part suggests the plausible
formation pathways of glycine on icy dust from the typical interstellar molecules.
Second part showed the chiral activities of biomolecules and the possible triggering mech-
anism to create homochirality. To analyze the photo-activities of amino acids, their plausible
conformations in interstellar space were obtained by the first-principle quantum calculation.
Then, the electron excitation properties for the obtained structures were calculated. The
absorption intensities for the vacuum UV light and CP light were analyzed. Both the UV
and CD spectra show several common peaks. Then, the convolution spectra of the calculated
CD and the observed LAE spectra are shown. The convolution produces the extraction of
the wavelength around 121.56 nm. This induces the specific large common negative peaks,
that may be the potential solution to overcome the long-standing problem by Kuhn-Condon
zero-sum rule. As discussed in the section 4, the present study shows that maximum 4 % of
ee for L-alanine is produced by the photo-dissociation process from R-CPLyα radiation. Even
though the required forms of CPL to produce the L-form amino acid excess are opposite be-
tween the present computational result and the previous experimental studies, the important
thing is that the present study proposes the clue of the triggering mechanism to initiate the
asymmetric reaction processes as “a space waveband filter”.
The present thesis discusses the behaviors of prebiotic and biological molecules in inter-
stellar space. This study refers to the validity of interstellar amino acid and the universality
of enantiomeric excess outside our solar system. These results may contribute to understand
the potential extraterrestrial bio-system.
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